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Abstract 

Background  Hepatocellular carcinoma (HCC) is one of the most lethal diseases due to its high faculty of invasiveness 
and metastasis. Activity-dependent neuroprotective protein (ADNP) has been regarded as an oncogene in bladder 
cancer and ovarian cancer. However, the role of ADNP in the regulation of tumor immune response, development, 
and treatment resistance in HCC remains unknown and is worth exploring.

Methods  The correlation between ADNP and prognosis, immune cell infiltration, immune checkpoints, chemokines, 
tumor mutation burden, microsatellite instability, and genomic mutation of pan-cancer cohorts in The Cancer 
Genome Atlas was analyzed. ADNP expression in HCC cell lines, HCC and the adjacent normal tissues was measured 
by western blotting and immunochemistry. Nomogram was constructed to predict the survival of patients with HCC 
based on the ADNP expression and significant clinical characteristics. The potential biological functions and impacts 
on radiotherapy of ADNP in HCC cell lines were verified by vitro experiments.

Results  ADNP was upregulated in most cancers and patients with elevated ADNP expression were related to poor 
survival in several types of cancers including HCC. Functional enrichment analysis showed ADNP participated 
in the pathways correlated with coagulation cascades and DNA double strand break repair. Further, ADNP exhibited 
a negative correlation with the immune score, stromal score, estimated score, and chemokines, and a positive correla-
tion with cancer-associated fibroblasts, myeloid-derived suppressor cells, neutrophils, regulatory T cells, and endothe-
lial cells. Immunochemistry and western blotting results demonstrated ADNP was up-regulated in HCC. Vitro experi-
ments verified that suppressing the ADNP expression significantly inhibited the proliferation, invasion and migration 
and elevated the radiosensitivity via decreasing DNA damage repair in HCC.

Conclusion  ADNP might play an oncogene and immunosuppression role in tumor immune infiltration 
and response, thus influencing the prognosis. Its downregulation could attenuate the proliferation, invasion, migra-
tion, radioresistance of HCC. Our results indicated the potential of ADNP as a promising biomarker to predict the sur-
vival of HCC patients, providing a theoretical basis for novel integrative strategies.

Keywords  ADNP, Prognosis, Hepatocellular carcinoma, Immune infiltration, Radiosensitivity

†Xuan Wang, Honghua Peng and Ganghua Zhang contribute equally to the 
manuscript.

*Correspondence:
Peiguo Cao
xy3caopg@csu.edu.cn
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12920-023-01592-x&domain=pdf


Page 2 of 17Wang et al. BMC Medical Genomics          (2023) 16:178 

Background
Activity-dependent neuroprotective protein (ADNP) 
gene is located in a chromosomal region, 20q12 [1] as a 
component of the ChAHP (CHD4-ADNP-HP1) complex 
[2], with certain functions in neurodegenerative diseases 
and tumors. As a highly conservative transcription fac-
tor, ADNP is overexpressed in the fetus, cerebellum, and 
cerebral cortex [3], participating in neuronal differentia-
tion, neurite outgrowth [4], and neuroprotection with 
davunetide, a fragment peptide enhancing its activity. 
Besides that, research also indicated that ADNP was 
closely related to some kinds of neurological diseases 
including Parkinson’s disease [5], Alzheimer’s disease 
[6], and seizure [7].

Recently, exploring the character of ADNP in cancers 
has become a research hotspot. Recent work reported 
that ADNP acted as an oncogene in high-grade serous 
ovarian cancer (HGSOC) by accelerating the dysregula-
tion of cell cycle checkpoints [8]. In addition, the over-
expression of ADNP also facilitated the development 
of human bladder cancer via triggering the cell cycle 
transition process from the GI phase to the S phase 
through the AKT pathway [9]. In contrast to the results 
in HGSOC and human bladder cancer, ADNP functioned 
as a WNT repressor and exerted its anti-tumor impact 
on invasion, migration, and proliferation of colon adeno-
carcinoma (COAD) with an improved prognosis [10], 
which was consistent with the research in triple-negative 
breast cancer (TNBC) [11] and glioblastoma multiforme 
(GBM) [12]. Since the varied roles of ADNP were still 
controversial in the tumorigenesis and progression of 
multiple cancers, it was meaningful to further investigate 
the potential mechanism ADNP involved in hepatocellu-
lar carcinoma (HCC).

HCC is a kind of common cancer with a high mortal-
ity rate around the world [13]. Due to the presence of 
underlying liver dysfunction and a concomitant malig-
nancy in the process of treatment-naive HCC, patients 
still have poor prognosis after standard treatment includ-
ing sorafenib, radiofrequency ablation, vascular cath-
eterization, surgical resection, and liver transplantation. 
Recently, radiation therapy and immunotherapy have 
achieved considerable advancements in HCC. IMbrave 
150 clinical trial illustrated that combining atezolizumab 
with bevacizumab noticeably increased the median OS 
in comparison to sorafenib for unresectable HCC [14]. 
Meanwhile, a promising synthetical treatment, known as 
intensity-modulated radiotherapy combined with anti-
angiogenic therapy plus immunotherapy, has also signifi-
cantly proven the patients’ survival with advanced HCC 
[15]. Unfortunately, only a part of patients can benefit 
from the treatment accounting for low immune response 
and radioresistance. Therefore, it’s particularly important 

to explore more effective therapeutic biomarkers in HCC 
for classifying patients and choosing the best treatment 
plans.

Since ADNP was regarded as having a crucial cancer-
promoting role in diverse kinds of tumors, its specific 
function in HCC remains unidentified. Hence, we con-
ducted this comprehensive research and first reported 
ADNP might be a predicted biomarker and therapeutic 
target in HCC. The results of in  vitro experiments also 
demonstrated its promoting impact on the proliferation, 
migration, invasion, and radioresistance in HCC cells.

Methods
Gene expression analysis
Based  on  the cancer genome atlas (TCGA), geno-
type tissue expression  (GTEx),  and Human Protein 
Atlas (HPA), we assessed the connection between ADNP 
and tumor samples. The expression of ADNP was evalu-
ated by the website “http://​vip.​sange​rbox.​com/​login.​
html”, which obtained ADNP expression data value trans-
formed  with  Log2(x + 0.001) using UCSC Xena (https://​
xenab​rowser.​net/).  Differences of ADNP expression 
value in tumor samples and normal samples were tested 
for significance using unpaired Wilcoxon rank-sum test 
and Wilcoxon signed-rank test. With  the GEPIA data-
base (http://​gepia.​cancer-​pku.​cn/), the difference in 
ADNP expression between tumor and normal tissue was 
compared and displayed by box plot. The expression of 
ADNP in distinct pathological stages was further deter-
mined simultaneously using the GEPIA website in pan-
cancer. CPTAC database in the UALCAN website [16] 
(http://​ualcan.​path.​uab.​edu/​cgi-​bin/) was also applied 
for the comparison  of tumor and normal  tissue in total 
ADNP protein  levels. The immunohistochemical (IHC) 
results were obtained from HPA [17] (https://​www.​prote​
inatl​as.​org/) to further assess ADNP protein levels.

Survival prognosis analysis
To certify the prognostic value of ADNP, we conducted 
the univariate survival analysis of ADNP across pan-can-
cer through the Sanger-box website. A Cox proportional 
hazards regression  model was constructed with the R 
software package “survival” (version 3.2.7). The overall 
survival (OS) and disease-specific survival (DSS) were 
also analyzed with the same software. An optimal cut-off 
value  for ADNP was calculated by  the R software pack-
age  "maxstat". The minimum group sample size was 
more than 25%, and the maximum sample number was 
less than 75%. Based on the optimum cut-off value, the 
patients were separated into high- and low-expressed 
groups, and the survfit function profiling of the R soft-
ware package “survival” was used to analyze the progno-
sis differences.

http://vip.sangerbox.com/login.html
http://vip.sangerbox.com/login.html
https://xenabrowser.net/
https://xenabrowser.net/
http://gepia.cancer-pku.cn/
http://ualcan.path.uab.edu/cgi-bin/
https://www.proteinatlas.org/
https://www.proteinatlas.org/
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Genomic alteration analysis
We acquired the genomic alteration rates (including 
mutation, structural variation, amplification, deep dele-
tion and multiple alterations) of ADNP across cancers 
in the cBioPortal for cancer genomics website [18, 19] 
(http://​www.​cbiop​ortal.​org/). The “Mutation” module 
displayed the alteration rate using the bar plots and the 
mutation site position of ADNP visualized by stick figure 
and three-dimensional (3D) structure.

ADNP related gene enrichment analysis
For further probing the molecular mechanism of ADNP 
in carcinogenesis, the Kyoto Encyclopedia of Genes and 
Genomes (KEGG), the Gene Ontology (GO), and the 
Gene Set Enrichment Analysis (GSEA) of ADNP were 
conducted in breast invasive carcinoma (BRCA), brain 
lower grade glioma (LGG), and HCC. First, we conducted 
differential expression analysis using the R package 
“DESeq2” in the high- and low-expressed groups, filtrat-
ing the differentially expressed genes (DEGs). Afterward, 
Go analysis was conducted of DEGs with the R package 
“cluster Profiler” [20] to explore the underlying biological 
function of ADNP, containing biological processes (BPs), 
molecular functions (MFs), cellular components (CCs) 
which defined as the location where molecular processes 
occur [21]. KEGG analysis [22, 23] was used to identify 
the significantly enriched metabolic pathways and signal 
transduction pathways [24]. Modification p < 0.05 was 
perceived as statistically significant. By comparing ADNP 
gene expression matrix in the high- and low-expressed 
groups via GSEA referring to c2.cp.kegg.v7.2.symbols.
gmt, we explored the possible molecular mechanisms in 
signal pathways. FDR < 0.25, p < 0.05, and |NES|≥ 1 were 
considered statistically significant.

Immune infiltration analysis
To visualize the statistical Spearman correlations 
between CD8 + T cells, macrophages, cancer-related 
fibroblasts (CAFs), endothelial cells, Tregs, myeloid-
derived suppressor cells (MDSCs) and ADNP expression 
in pan-cancer, a heat map was generated by logging into 
the Tumor Immune Estimation Resource 2.0 (TIMER2.0) 
[25] (http://​timer.​cistr​ome.​org/), with a positive rela-
tion in the red square (p < 0.05) and a negative relation 
in the purple square (p > 0.05). The relationship between 
ADNP expression and immune cells in HCC was further 
presented by scatter diagram. Sanger-box was used to 
further analyze immune infiltrations across distinct can-
cers. Related expression data of ADNP was downloaded 
from UCSC Xena dataset, then the ADNP expression 
profiles were extracted and were mapped to the corre-
sponding gene symbol. The R package “ESTIMATE” was 

used to calculate the immune score, stromal score, and 
estimate score in each tumor sample and then the cor-
relation was evaluated by calculating the Pearson correla-
tion coefficient using R package “psych”. We enunciated 
the relationship between ADNP and immunomodula-
tors encompassing immune stimulators and inhibitors, 
chemokines as well as major histocompatibility complex 
by the TISIDB website [26] (http://​cis.​hku.​hk/​TISIDB/​
index.​php). Using the Sanger-box,  we  further investi-
gated  the statistical Pearson relation  between  ADNP 
expression and tumor mutation burden (TMB) and 
microsatellite instability  (MSI), which was calculated by 
the R package “maftools” (version 2.8.05).

Clinical features related analysis of patients with HCC
R package (version 4.1.1) was used to indicate the cor-
relation between ADNP expression and T stage, patho-
logic stage, histological grade, and AFP expression 
levels. Nomogram, a prediction model including T 
stage, M stage, pathologic stage, and ADNP expression 
level, was constructed with the univariate and multi-
variate analysis to estimate the survival of HCC patients 
at one, three, and five years by R package “rms” and “sur-
vival”. Nomogram performance and discrimination were 
evaluated by concordance index (C-index), area under 
the curve (AUC), and calibration curve.

Immunohistochemistry analysis
The Department of Pathology, Third Xiangya Hospital, 
Central South University furnished eight pairs of human 
patient paraffin sections of HCC tissue specimens and the 
adjacent peritumoral tissue specimens. After dewaxed 
with xylene, the paraffin sections were rehydrated with 
absolute ethanol, heated in citric acid buffer (PH 6.0) for 
repairing the antigens, then cooled and washed in PBS 
(PH 7.4) three times for 10  min. After set in 3% H2O2 
solution for blocking endogenous peroxidase, the paraffin 
sections were blocked with 3% BSA at room temperature 
for 30  min, bound with anti-ADNP (Abcam, ab300114, 
1:50) overnight at 4 ℃, and incubated with secondary 
antibody (Immunoway, RS002, Beijing, China) at room 
temperature for 50  min. Finally, the DAB kit (Solarbio, 
DA1010, Beijing, China) was performed for color devel-
opment, and 3D Histech Pannoramic Scan (3D Histech, 
Pannoramic Scan, Hungary) was used for scanning. Two 
independent pathologists conducted IHC staining scor-
ing referring to the previous study [9]. The staining index, 
an assessment method for evaluating ADNP expression 
in HCC and normal liver tissue, was obtained from the 
multiplication of the scores graded by  percentage  posi-
tive cells  and staining power with scores ≥ 6 considered 
as high expression and < 6 considered as low expression.

http://www.cbioportal.org/
http://timer.cistrome.org/
http://cis.hku.hk/TISIDB/index.php
http://cis.hku.hk/TISIDB/index.php
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Cell lines and cell culture
American Type Culture Collection (ATCC, Manassas) 
provided the original human HCC cell lines (Hep 3B, 
SMMC-7721, HCCLM3, Huh7), which were cultured in 
DMEM (BasalMedia, L510KJ, Shanghai, China) contain-
ing 10% fetal bovine serum (FBS), 100U/ml penicillin, 
and 100 g/ml streptomycin with 37 ℃ and 5% CO2 in a 
humidified incubator. All experiments were completed in 
the mycoplasma-free condition.

Western blotting analysis
Hep 3B, SMMC-7721, HCCLM3, and Huh7 cells were 
treated with PMSF(1 mM) and then placed on ice, incu-
bated for 20  min, and centrifuged at 13,000  rpm for 
20 min at 4 ℃. The supernatants were collected, and the 
total protein was extracted by RIPA lysis buffer (TDY 
Biotech Company, WB0003, Beijing, China). Then BCA 
protein assay kit (TDY Biotech Company, WB0028, Bei-
jing, China) was conducted to detect the protein con-
tent. Afterward, the protein concentration of the lysates 
was adjusted to 4  mg/ml with RIPA, then the lysates 
were heated with 5xSDS buffer solution (TDY Biotech 
Company, WB0031, Beijing, China) for 5  min, sepa-
rated on 10% SDS–polyacrylamide gels (Sigma, L4390, 
America), and transferred to NC membranes (Millipore, 
HATF00010, America) for 1  h. The membranes were 
blocked with 3% BSA-TBST for 30  min and incubated 
together with the primary ADNP (Abcam, Ab300114, 
America), γ-H2AX (Abcam, ab81299, America) and 
β-actin (Immunoway, YM3029, America) antibodies 
diluted with 3% BSA-TBST (1:1000) overnight at 4 ℃. 
After washed with TBST buffer for 3 min five times, the 
membranes were incubated with a corresponding sec-
ondary antibody [anti-rabbit or anti-mouse IgG (H + L) 
biotinylated antibody (TDY Biotech Company, S004/
S001, Beijing, China)] diluted by 5% skimmed milk pow-
der (1:10,000) for 40 min at room temperature. Then ECL 
reagents (Millipore, WBkls0500, America) were used to 
visualize the protein-antibody bound bands after wash-
ing the membranes with TBST buffer for 3 min six times. 
The IOD value was gotten by MultiSkan3 microplate 
reader, quantified with ImageJ software, and normalized 
with β-actin. Histograms were conducted by GraphPad 
Prism 9.0 software to visualize the results.

Cell transfection
Hep 3B and HCCLM3 were selected for transfection to 
conduct the functional experiment, which was seeded 
onto a 6-well plate with 1 × 105/ml density to achieve an 
80% cell confluency while conducting small interfering(si) 
RNA transfection. The targeting sequence used for 
siRNA against ADNP was siRNA-2944: sense (5’-3’) GAA​
GAA​GAA​UCC​AAU​GAA​ATT, antisense (5’-3’) UUU​

CAU​UGG​AUU​CUU​CUU​CTT; siRNA-1763: sense (5’-
3’) GCA​AAU​GCC​UCU​ACU​GUA​ATT, antisense (5’-3’) 
UUA​CAG​UAG​AGG​CAU​UUG​CTT; siRNA-3531 sense 
(5’-3’) CAA​CAU​GAC​UGA​UGG​AGU​ATT, antisense 
(5’-3’) UAC​UCC​AUC​AGU​CAU​GUU​GTT (GENERAL 
BLOL, Anhui, China). After diluted with opti-MEM cul-
ture medium (GIBCO 31985070, America), siRNAs were 
mixed with the Lipofectamine 3000 (Invitrogen, L3000-
015, America) at room temperature for 20 min. After cul-
tured in a CO2 incubator for 24 or 48  h, the cells were 
adopted for the follow-up experiments. Real-time quan-
titative polymerase chain reaction (RT-qPCR) was per-
formed to examine ADNP knockdown efficiency.

RT‑qPCR
Relative ADNP expression was verified by RT-qPCR in 
the transfected cells. The primer sequences for ADNP 
amplification were as follows: forward: 5’-CAT​CAC​TTA​
CGA​AAA​ACC​AGG​ACT​A-3’; reverse:5’-TGC​TGA​GGC​
TGC​TAC​TTG​GT-3’. Each group carried out three rep-
etitions. The cDNA of ADNP was synthesized by Revert 
Aid First Strand cDNA Synthesis Kit (ThermoFisher, 
K1622, America) following the protocol. RT-qPCR was 
conducted using 5uL 2xSuperReal PreMix Plus (SYBR 
Green, TianGen, FP205-02, Beijing, China), 0.3uL primer 
mix(10uM), 0.5uL cDNA and 4.2uL H2O on Real-Time 
PCR Detection System (LightCycler480, America) 
according to the manual. ADNP expression was calcu-
lated using 2-△△Ct with normalization to the normal 
control (β-actin).

Irradiation
Hep 3B and HCCLM3 cell lines were irradiated with 
6MV high energy X-ray by a linear accelerator (Varian 
company, Unique, American) at 400 MU/min, screened 
by vertical radiation at five different gradients of 0, 2, 4, 6, 
8 Gy and source axle distance of 100 cm.

Cell counting kit8 (CCK8) cell viability assay
After transfected with si-ADNP for 24  h, the Hep 3B/
HCCLM3 cells were collected and seeded in 96-well 
plates with the density of 5 × 103 cells/well at 37 ℃ with 
5% CO2. 100ul CCK8 solution (Beyotime, C0039, Shang-
hai, China) was added to each well, after which the cells 
were incubated for 4 h. The optical densities at 450 nm 
were measured with a microplate reader (Biotek, Elx808, 
America) to determine the proliferation ability of cancer 
cells.

The Hep 3B/HCCLM3 cells were inoculated into 
36-well plates of 5 × 104 and 6.5 × 104 cell/well, trans-
fected with si-ADNP for 24 h, exposed to vertical radia-
tion (0, 2, 4, 6, 8 Gy) and cultured in an incubator. Then 
100 ul/well CCK8 solution was added per well at 24, 48, 
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and 72 h. Other details were accomplished as previously 
mentioned.

Transwell invasion and migration assay
Following transfection for 48  h, the Hep 3B/HCCLM3 
cells were collected. 100ul matrigel was thawed over-
night at 4 ˚C in a refrigerator and diluted in 700ul serum-
free medium. 100ul matrigel was added into the upper 
transwell chamber (Costar, 3422, America) which was 
allowed to solidify for 2  h at 37℃. The transfected cells 
(5 × 105) were inoculated into the upper chamber, and a 
total of 500ul medium containing 15% FBS was added to 
the low chamber. Following incubation at 37 ℃ with 5% 
CO2 for 48 h, the cells and matrigel on the surface of the 
upper chamber were wiped. The transwell chamber was 
washed three times with PBS, fixed with 4% paraform-
aldehyde for 20 min at room temperature, washed three 
times with PBS again, and stained with 0.1% crystal vio-
let for 15 min. The transwell chamber was then observed, 
photographed, and counted with a microscope (Motic, 
AE31, Xiamen, China). The migration experiment pro-
cess was terminated at 24 h, and the upper chamber was 
cultured without matrigel, else by the foregoing cell inva-
sion assay.

Colony formation assay
The HCC cells were transfected for 24 h, collected, and 
seeded into a 35 mm cell culture dish with 1000 cells of 
single-cell suspension per dish. Every group included 3 
dishes. Following 2 weeks of cell incubation at 37 ℃ with 
5% CO2, the culture was terminated with colonies visible 
to the naked eye. The culture supernatant was discarded, 
and the cells were washed with PBS three times and fixed 
with 1  ml paraformaldehyde for 15  min. The fixative 
solution was discarded, and the cells were stained with 
1% crystal violet dye solution (Solarbio, C8470, Beijing, 
China) for 10 min at room temperature, washed with PBS 
three times, and detected under the microscope. Divided 
seeded cells into clone amounts obtained the cloning effi-
ciency. Each colony consisting of more than 50 cells was 
counted as a positive colony.

Immunofluorescence (IF) staining
IF was performed on Hep 3B cells and HCCLM3 cells 
with 4  Gy irradiation to detect the γ-H2AX expres-
sion level. The cells were incubated with anti-γ-H2AX 

(Abcam, ab81299, America, 1:250) at 4 ℃ overnight after 
the standard process, which was followed by the incuba-
tion with the second antibody against ADNP (Abcam, 
ab300114, America, 1:1000) for 1 h at 37 ℃, stained with 
DAPI (10 min, room temperature) to display the nucleus. 
Fluorescence images were further captured by a fluores-
cence microscope (Olympus, CX23, Japan).

Statistical analysis
Unpaired Wilcoxon rank sum and signed rank tests were 
utilized for the comparison of ADNP expression between 
the tumor and normal tissues. The log-rank test method 
was used to evaluate the significant differences in prog-
nosis between the high- and low-expressed groups, and 
then the Kaplan–Meier survival plots were generated. 
For correlations, Pearson or Spearman correlations were 
performed. Student’s t-test was used to analyze the dif-
ferences between all the paired groups in the research. 
All experiment data were analyzed by GraphPad Prism 
9.0 software. Throughout the text, p < 0.05 was exam-
ined to be statistically significant. (*p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001).

Results
ADNP was expressed differently and exhibited prognostic 
value in pan‑cancer
As shown in Fig.  1A, the ADNP expression levels in 
GBM, LGG, BRCA, cholangiocarcinoma (CHOL), 
COAD, esophageal carcinoma (ESCA), HCC, stomach 
and esophageal carcinoma (STES), lung adenocarcinoma 
(LUAD), colon adenocarcinoma/rectum adenocarci-
noma (COADREAD), acute myeloid leukemia (AML), 
pancreatic adenocarcinoma (PAAD), prostate adeno-
carcinoma (PRAD), stomach adenocarcinoma (STAD), 
skin cutaneous melanoma (SKCM), head and neck squa-
mous cell carcinoma (HNSC), high-risk Wilms tumor 
(WT), testicular germ cell tumors, uterine carcinosar-
coma (UCS), rectum adenocarcinoma (READ), thyroid 
carcinoma (THCA), and acute lymphoblastic leukemia 
(ALL) (p < 0.05) were statistically higher than that in the 
corresponding normal tissues. While in kidney renal 
papillary cell carcinoma and kidney chromophobe, the 
condition was the opposite. We further displayed the 
ADNP expression differences between the tumor and 
normal tissues in CHOL, ESCA, GBM, LGG, PAAD, 
and STAD using GEPIA database (Fig.  1B). Based on 

Fig. 1  ADNP expression levels in different types of human cancers. A Comparisons of ADNP expression levels between tumor tissues from TCGA 
database and normal tissues from GTEx database. B Box plot data of LGG, STAD, CHOL, ESCA, PAAD, GBM in TCGA database compared to normal 
tissues in GTEx database. C The box plot shows ADNP protein differences between normal tissue and primary tumor in COAD, LUAD, OV, BRCA, HCC, 
PAAD, GBM. D Representative IHC images of ADNP expression in normal cerebral cortex tissues, normal colon tissues, normal liver tissues, normal 
kidney tissues, normal placenta tissues, normal testis tissues, normal lymph node tissues, breast cancer, lung cancer, colorectal cancer, liver cancer, 
prostate cancer

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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CPTAC dataset, ADNP protein expression was statisti-
cally higher in BRCA, HCC, LUAD, GBM, ovarian serous 
cyst adenocarcinoma (OV), PAAD, and COAD (Fig. 1C). 
Comparing  the homologous normal tissues with car-
cinoma tissues in HCC and  COAD,  the IHC results 
intuitively revealed  a  significant  upregulation  of ADNP 
protein expression (Fig. 1D).

The Survival analysis was depicted in the forest map 
(Fig. 2A). We found that the higher ADNP expression was 
correlated with the worse DSS in LGG (p = 0.02, 95%CI: 
1.06–2.27, HR = 1.86), HCC (p = 0.0059, 95%CI: 1.19–
2.90, HR = 1.55) (Fig.  2B). The statistically significant 
increase of high ADNP expression was related to worse 
OS for LGG (p = 0.02, 95% CI: 1.07–2.19, HR = 1.53), 
HCC (p = 0.0013, 95% CI: 1.25–2.56, HR = 1.79), LAML 
(p = 0.0044, 95%CI: 1.17–2.38, HR = 1.67), READ 
(p = 0.0001, 95% CI: 1.74–6.32, HR = 3.31), BRCA 
(p = 0.01, 95% CI: 1.10–2.11, HR = 1.53) (Fig. 2C).

To further discuss the underlying impact of ADNP 
expression on carcinoma progression and metastasis, we 
detected the ADNP expression levels in different patho-
logical stages and observed a statistically significant dif-
ference in HCC, adrenocortical carcinoma (ACC), and 
OV. There was an increasing tendency of ADNP expres-
sion along with the pathological stages in HCC and ACC, 
conversely, a decreasing tendency in OV (Fig. 2D). Based 
on the above analysis, ADNP seemed to be a risk factor 
for LGG, HCC, LAML, READ, and BRCA.

Analysis of genomic mutation
Genomic mutation analysis exhibited the sites, types, and 
case numbers of the ADNP mutations utilizing TCGA. 
We observed the total alteration frequencies were lower 
than 5% in most cancer types except for uterine corpus 
endometrial carcinoma (UCEC) (9.64% of 524 cases), 
STAD (9.09% of 440 cases), COAD (8.75% of 594 cases), 
OV (5.31% of 584 cases), UCS (5.26% of 57 cases). The 
amplification frequencies were high in UCEC (2.08%), 
STAD (4.09%), COAD (6.23%), OV (3.77%), UCS (5.26%), 
ESCA (3.3%), BRCA (3.04%) (Fig.  3A). We further 
explored the somatic mutation in pan-cancer, and found 
207 mutations including 147 mistence,45 truncated 
mutations, and 15 fusion mutations (Fig.  3B). Different 
mutation types and the position of mutation sites were 
shown in the 3D structure (Fig. 3C).

Enrichment analysis of ADNP related pathway
With the comparison of the high- and low-expressed 
groups of ADNP, we identified ADNP-related DEGs, 
then the GO and KEGG enrichment analysis was con-
ducted in BRCA, LGG, and HCC. The involved BPs were 
significantly enriched in the detoxification of copper ions, 
chromosome, nuclear chromosome segregation, sister 

chromatid segregation, detoxification, the stress response 
to copper ions, cornification, and peptide cross-linking. 
MFs included DNA-binding transcription activator activ-
ity, RNA polymerase II-specific, activating transcription 
factor binding, receptor-ligand activity, hormone activ-
ity, endopeptidase regulator or inhibitor activity, and 
peptidase inhibitor activity. In CCs, ADNP-related DEGs 
were mainly enriched in the spindle, chromosome, cen-
tromeric region, blood microparticles, high-density lipo-
protein particles, endocytic vesicle lumen, neuronal cell 
body, and comified envelope (Fig.  4A). KEGG enrich-
ment analysis manifested that ADNP-related DEGs were 
highly correlated with mineral absorption, phenylala-
nine metabolism, and insulin secretion preponderance 
(Fig. 4B). GSEA of ADNP-related DEGs was significantly 
enriched in Reactome pathways such as respiratory elec-
tron transportation, ATP synthesis, antimicrobial pep-
tides, innate immune system, and DNA break repair with 
significant enrichment in KEGG pathways including cell 
cycle, complement, and coagulation cascades (Fig. 4C).

Immune infiltration and immunotherapy biomarker 
analysis
In our research, we exhibited the correlation between 
CD8 + T cells, macrophages, CAFs, Tregs, endothelial 
cells, MDSCs and ADNP expression in various cancers 
of TCGA with a heat map. We observed ADNP expres-
sion had the most noteworthy positive correlation with 
the infiltration of CAFs, endothelial cells, and MDSCs in 
the majority of pan-cancers (Fig. 5A). We further studied 
the connection between ADNP expression and immune 
score, stromal score, and estimated score in pan-can-
cers using sanger-box. The results revealed ADNP was 
negatively associated with the stromal score in GBM 
(r = -0.46), WT (r = -0.43), and neuroblastoma (NBL) 
(r = -0.52). ADNP expression in GBM (r = -0.53), sar-
coma (SARC) (r = -0.52), WT (r = -0.63) was most nega-
tively related to immune score, and expression in GBM 
(r = -0.52), WT (r = -0.58), NBL (r = -0.47) was most 
negatively related to estimated score (Fig.  5B). Mean-
while, ADNP expression was negatively associated with 
immune score (r = -0.14) and estimated score (r = -0.13) 
in HCC. The details of the mentioned three scores in 
other cancer types were described in Table S1-3. Intrigu-
ingly, as results displayed in Fig. 5C, ADNP was positively 
related to CAFs (r = 0.36), MDSCs (r = 0.372), neutro-
phils (r = 0.309), Tregs (r = 0.389), and endothelial cells 
(r = 0.506) in HCC. We further showed the negative rela-
tionship between ADNP expression and chemokines as 
well as immunomodulators (Fig. S1A-D). Synthesizing 
all analyses, we drew a conclusion that ADNP might play 
an immune-evasive role in the tumor microenvironment 
(TME).
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Fig. 2  Survival analysis comparing the high and low expression of ADNP in different types of cancer. A Relation between ADNP expression 
and patient prognosis (OS) of different cancers in TCGA database. B Survival curves of disease-specific survival (DSS) in two cancer types (LGG, HCC). 
C Survival curves of OS in six cancer types (BRCA, LAML, LGG, HCC, READ). D Violin plots present ADNP expression levels in different pathological 
stages in OV, HCC, ACC with statistically significant differences
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It was discovered that ADNP expression was signifi-
cantly related to TMB in LUAD, COAD, STES, THCA, 
and COADREAD (Fig. S1E). ADNP expression also had 
a remarkable connection with MSI in lymphoid neo-
plasm diffuse large B cell lymphoma (DCLBCL), COAD, 
COADREAD, HNSC, PRAD, THCA, STES, BRAC, lung 
squamous cell carcinoma (LUSC), LUAD (Fig. S1F). 
These results revealed ADNP expression was strongly 
related to TMB and MSI, suggesting that ADNP might 
act as an active role to predict the immunotherapy of 
cancers.

ADNP expression was related to the clinical features 
of the HCC patients
The foregoing bioinformatics analysis indicated ADNP 
might participate in the development of HCC. Hence, 
we examined the association between ADNP expression 
and vital clinical features of HCC patients. We found 
that elucidated the expression of ADNP was positively 

correlated with the higher T stage (Fig.  6A), pathologic 
stage (Fig.  6B), histological grade (Fig.  6C), and AFP 
expression (Fig. 6D), which indicated ADNP had an affin-
ity with malignant progression and poor prognosis in 
HCC. A nomogram was constructed containing the T 
stage, M stage, pathological stage, and ADNP expression 
based on the Cox regression analysis (Fig.  6E). Mean-
while, the predictive ability of nomography was evalu-
ated by 1 year (AUC = 0.723), 3 years (AUC = 0.681), and 
5  years (AUC = 0.677) receiver operator characteristic 
(ROC) curve (Fig. 6F), with C-index = 0.713. As shown in 
Fig. 6G, the nomography had good accuracy.

ADNP expression was up‑regulated in HCC and associated 
with the proliferation, migration, and invasion
As exhibited in Fig.  7A, ADNP protein in HCC cell 
lines (Hep 3B, SMMC-7221, HCCLM3, Huh7) showed 
enhanced expression levels compared to the normal 
liver cells. Correspondingly, we also verified higher 

Fig. 3  ADNP mutation landscape. A ADNP mutation frequency in multiple TCGA pan cancer studies using cBioPortal database. B Mutation diagram 
of ADNP in different cancer types across protein domains. C 3D structure presented the mutation types and the position of mutation sites
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expression of ADNP in the HCC tissues compared 
with the normal liver tissues with immunohisto-
chemistry (Fig.  7B). To further investigate the effect 
of ADNP on HCC cells’ proliferation, invasion, and 
migration, the expression of ADNP in HCCLM3 and 
Hep 3B cells was successfully knocked down with the 
specific siRNAs (Fig.  7C). In the two HCC cell lines, 
the silenced ADNP groups both showed inhibited cell 
viability compared to the control groups by CCK8 
assay (Fig.  7D). In the clonal formation experiments, 
we also demonstrated that the knock-down of ADNP 
significantly led to the restrained HCC cells’ prolifera-
tion (Fig. 7E). ADNP was also proved to be positively 
connected with the invasion and migration abilities of 
Hep 3B cell (Fig. 7F) and HCCLM3 cell (Fig. 7G) in the 
transwell experiment.

Downregulated ADNP expression enhanced 
the radiosensitivity of HCC cells
At 24  h after transfected with si-ADNP, Hep 3B and 
HCCLM3 cells were X-rayed with gradually elevated 
doses, respectively (0, 2, 4, 6, 8 Gy). The transfection effi-
cacy of si-ADNP was detected by RT-qPCR. The radio-
sensitizing impacts on Hep 3B and HCCLM3 cells with 
or without the downregulation of ADNP were evaluated 
by CCK8 assays. Exposed to the same dose of irradia-
tion, the survival percentage of cells with downregulation 
of ADNP significantly declined contrasted to the non-
transfected ones as the control (Fig. 8A). Particularly, the 
difference between the ADNP knockdown and control 
groups in HCCLM3 cells was most apparent under 8 Gy 
ionizing radiation, while in Hep 3B cells the most differ-
ent condition was under 6 Gy ionizing radiation.
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Meanwhile, the influence of down-regulated ADNP 
expression on the radiosensitivity of HCC cells was fur-
ther verified using IF Staining. Phosphorylated histone 
H2AX (γ-H2AX), a prognostic indicator for radiosen-
sitivity, was involved in the cellular response to DNA 
double-strand breaks and facilitated post-replicational 
DNA repair [27]. Quantitative analysis of γ-H2AX was 
performed by western blotting (Fig.  8B). γ-H2AX foci 
were significantly increased in the ADNP knockdown 
groups of Hep 3B (Fig. 8C) and HCCLM3 cells (Fig. 8D)
while conducted with 4  Gy irradiation. To sum up, we 

found that the downregulation of ADNP might influence 
the radiosensitivity of HCC cell lines by restraining the 
radiation-induced DNA damage repair.

Discussion
In this study, we found the expression of ADNP was pro-
moted in most cancers and associated with poor prog-
nosis in LGG, HCC, LAML, READ, and BRCA. The 
expression of ADNP was positively related to CAFs, 
MDSCs, endothelial cells, Tregs, and neutrophils in 
HCC. We speculated that ADNP might facilitate the 

p > 0.05

p < 0.05

−1

0

1
Partial_Cor

A

−2,000

−1,000

0

1,000

2,000

1 2 3 4 5 6 7

TCGA-H CC(N=363)
r=-0.09
p=0.09

−2,000

−1,000

0

1,000

2,000

3,000

4,000

1 2 3 4 5 6 7

TCGA-H CC(N=363)
r=-0.14
p=6.4e-3

−2,000

−1,000

0

1,000

3 4 5 6 7

TCGA-GBM(N=152)
r=-0.46
p=2.6e-9

−2,000

−1,000

0

1,000

3 4 5 6 7

TARGET-WT(N=80)
r=-0.43
p=5.6e-5

−2,000

−1,000

0

1,000

3 4 5 6 7

TARGET-NB(N=153)
r=-0.52
p=3.8e-12

−2,000

−1,000

0

1,000

2,000

3,000

4,000

3 4 5 6 7

TCGA-GBM(N=152)
r=-0.53
p=2.7e-12

−2,000

−1,000

0

1,000

2,000

3,000

4,000

3 4 5 6 7

TCGA-SARC(N=258)
r=-0.52
p=2.9e-19

−2,000

−1,000

0

1,000

2,000

3,000

4,000

3 4 5 6 7

TARGET-WT(N=80)
r=-0.63
p=4.4e-10

Im
m

un
e 

S
co

re

E
st

im
at

e 
S

co
re

−4,000

−2,000

0

2,000

4,000

3 4 5 6 7

TCGA-GBM(N=152)
r=-0.52
p=8.2e-12

−4,000

−2,000

0

2,000

4,000

3 4 5 6 7

TARGET-WT(N=80)
r=-0.58
p=2.1e-8

−4,000

−2,000

0

2,000

4,000

3 4 5 6 7

TARGET-NB(N=153)
r=-0.47
p=1.2e-9

−4,000

−2,000

0

2,000

4,000

1 2 3 4 5 6 7

TCGA-H CC(N=363)
r=-0.13
p=0.01

B

C
Rho = 0.111

p = 3.95e−02
Rho = 0.36

p = 5.59e−12

Purity CAF_MCPCOUNTER

0.25 0.50 0.75 1.00 0 2500 5000 7500 10000

2

4

6

    Purity                                        Infiltration Level

A
D

N
P

 E
xp

re
ss

io
n 

Le
ve

l (
lo

g2
 T

P
M

)

Rho = 0.309
p = 4.53e−09

Neutrophil_MCPCOUNTER

0 100 200 300
Infiltration Level

Rho = 0.372
p = 8.75e−13

MDSC_TIDE

−0.2 −0.1 0.0 0.1 0.2
Infiltration Level

Rho = 0.389
p = 6.09e−14

Tregs_QUANTISEQ

0.00 0.01 0.02 0.03
Infiltration Level

H
C

C

Rho = 0.506
p = 8.02e−24

Endothelial cell_MCPCOUNTER

0 50 100 150 200
Infiltration Level

S
tr

om
al

 S
co

re

ADNP expression
log2(x+0.001)

ADNP expression
log2(x+0.001)

ADNP expression
log2(x+0.001)

ADNP expression
log2(x+0.001)

ADNP expression
log2(x+0.001)

ADNP expression
log2(x+0.001)

ADNP expression
log2(x+0.001)

ADNP expression
log2(x+0.001)

ADNP expression
log2(x+0.001)

ADNP expression
log2(x+0.001)

ADNP expression
log2(x+0.001)

ADNP expression
log2(x+0.001)

S
tr

om
al

 S
co

re
S

tr
om

al
 S

co
re

S
tr

om
al

 S
co

re

Im
m

un
e 

S
co

re
Im

m
un

e 
S

co
re

Im
m

un
e 

S
co

re

E
st

im
at

e 
S

co
re

E
st

im
at

e 
S

co
re

E
st

im
at

e 
S

co
re

M
ac

ro
ph

ag
e_

E
P

IC
M

ac
ro

ph
ag

e_
T

IM
E

R
M

ac
ro

ph
ag

e_
X

C
E

LL
M

ac
ro

ph
ag

e 
M

0_
C

IB
E

R
S

O
R

T
M

ac
ro

ph
ag

e 
M

0_
C

IB
E

R
S

O
R

T
−

A
B

S
M

ac
ro

ph
ag

e 
M

1_
C

IB
E

R
S

O
R

T
M

ac
ro

ph
ag

e 
M

1_
C

IB
E

R
S

O
R

T
−

A
B

S
M

ac
ro

ph
ag

e 
M

1_
Q

U
A

N
T

IS
E

Q
M

ac
ro

ph
ag

e 
M

1_
X

C
E

LL
M

ac
ro

ph
ag

e 
M

2_
C

IB
E

R
S

O
R

T
M

ac
ro

ph
ag

e 
M

2_
C

IB
E

R
S

O
R

T
−

A
B

S
M

ac
ro

ph
ag

e 
M

2_
Q

U
A

N
T

IS
E

Q
M

ac
ro

ph
ag

e 
M

2_
X

C
E

LL
M

ac
ro

ph
ag

e 
M

2_
T

ID
E

M
ac

ro
ph

ag
e/

M
on

oc
yt

e_
M

C
P

C
O

U
N

T
E

R
T

 c
el

l C
D

8+
_T

IM
E

R
T

 c
el

l C
D

8+
_E

P
IC

T
 c

el
l C

D
8+

_M
C

P
C

O
U

N
T

E
R

T
 c

el
l C

D
8+

_C
IB

E
R

S
O

R
T

T
 c

el
l C

D
8+

_C
IB

E
R

S
O

R
T

−
A

B
S

T
 c

el
l C

D
8+

_Q
U

A
N

T
IS

E
Q

T
 c

el
l C

D
8+

_X
C

E
LL

T
 c

el
l C

D
8+

 n
ai

ve
_X

C
E

LL
T

 c
el

l C
D

8+
 c

en
tr

al
 m

em
or

y_
X

C
E

LL
T

 c
el

l C
D

8+
 e

ffe
ct

or
 m

em
or

y_
X

C
E

LL
T

 c
el

l r
eg

ul
at

or
y 

(T
re

gs
)_

C
IB

E
R

S
O

R
T

T
 c

el
l r

eg
ul

at
or

y 
(T

re
gs

)_
C

IB
E

R
S

O
R

T
−

A
B

S
T

 c
el

l r
eg

ul
at

or
y 

(T
re

gs
)_

Q
U

A
N

T
IS

E
Q

T
 c

el
l r

eg
ul

at
or

y 
(T

re
gs

)_
X

C
E

LL
C

an
ce

r 
as

so
ci

at
ed

 fi
br

ob
la

st
_E

P
IC

C
an

ce
r 

as
so

ci
at

ed
 fi

br
ob

la
st

_M
C

P
C

O
U

N
T

E
R

C
an

ce
r 

as
so

ci
at

ed
 fi

br
ob

la
st

_T
ID

E

UVM (n=80)
UCS (n=57)

UCEC (n=545)
THYM (n=120)
THCA (n=509)
TGCT (n=150)
STAD (n=415)

SKCM−Primary (n=103)
SKCM−Metastasis (n=368)

SKCM (n=471)
SARC (n=260)
READ (n=166)
PRAD (n=498)
PCPG (n=181)
PAAD (n=179)

OV (n=303)
MESO (n=87)
LUSC (n=501)
LUAD (n=515)
HCC (n=371)
LGG (n=516)
KIRP (n=290)
KIRC (n=533)

KICH (n=66)
HNSC−HPV+ (n=98)

HNSC−HPV− (n=422)
HNSC (n=522)

GBM (n=153)
ESCA (n=185)

DLBC (n=48)
COAD (n=458)

CHOL (n=36)
CESC (n=306)

BRCA−LumB (n=219)
BRCA−LumA (n=568)

BRCA−Her2 (n=82)
BRCA−Basal (n=191)

BRCA (n=1100)
BLCA (n=408)

ACC (n=79)

E
nd

ot
he

lia
l c

el
l_

M
C

P
C

O
U

N
T

E
R

M
D

S
C

_T
ID

E

Fig. 5  Correlations between ADNP and immune infiltration and immune cells. A Correlation of ADNP expression with six infiltrating immune cells 
(CD8 + T cells, macrophages, cancer-related fibroblasts, Tregs, endothelial cells, MDSC) in the TIMER 2.0 database. B Correlation of ADNP expression 
with immune score, stromal score and estimate score in pan cancer. The top three places and scores of HCC were displayed. C Correlations of ADNP 
expression with tumor purity and infiltrating immune cells including CAFs, endothelial cells, MDSC, Tregs, and neutrophils of HCC in the TIMER 2.0 
database
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carcinoma progression and immune invasion by regu-
lating coagulation cascades activity. Furthermore, the 
outcomes implied that knockdown ADNP could inhibit 
proliferation, invasion, and migration and lead to effec-
tive eradication by accelerating radiation-induced cell 
death in HCC cells via verification of vitro experiments. 
Our research first reported that ADNP participated in 
the proliferation, invasion, migration, immune evasion, 
and radioresistance in HCC. The findings may aid in 
developing novel ideas for future research.

Recent years, the bidirectional link between the 
coagulation system and cancer progression has been 
established [28]. In cancers, the coagulation cascades 
likely help to establish the inflammatory TME [29] and 
facilitate tumor growth, invasion, neo-angiogenesis, 
and immune evasion [30, 31], contributing to elevating 
immunotherapy resistance via proteolysis of platelet-
bound GARP to activate LTGF-β [32]. Tissue factor, 
the main initiator of coagulation, plays a critical role 
in the formation of tumor cell-related microthrombus 
[33] and coagulation Factor Xa can activate endothelial 

cells and enhance the cancer cell-endothelium adhe-
sion [34]. Thrombin has been shown to facilitate tumor 
metastasis in coagulation related manners [35], and 
direct thrombin inhibitor peptide has been confirmed 
with inhibitory effects on the invasion and prolifera-
tion of tumor cells [36]. Meanwhile, it is intriguing that 
anticoagulants can consistently improve the efficacy of 
immune checkpoint inhibitors to enhance anti-tumor 
immunity [37]. Previous studies have verified the sig-
nificant relationship between coagulation and tumor 
immune microenvironment and a coagulation related 
risk score model was also established to predict prog-
nosis and the response to immunotherapy in HCC 
[38]. In our study, GSEA analysis indicated the ADNP-
related DEGs might regulate the coagulation cascades 
pathways in HCC. Hence, we speculated ADNP might 
function as an oncogene in tumor immunosuppression 
via regulating coagulation cascades pathways especially 
in HCC. Go enrichment analysis showed ADNP-related 
DEGs may participate in detoxification of copper ions 
and the stress response to copper ions related with 
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various signaling pathways and tumor associated bio-
logical behaviors [39]. Excess copper ions can lead to 
cuprotosis, a novel form of cell death resulting in pro-
duction of ROS on mitochondria, closely related with 
tumor progression [40]. These results indicated that 
ADNP maybe a promising biomarker and the concrete 
mechanism was to be determined.

Immunotherapy, a promising component of onco-
therapy, has become the hotspot of cancer research in 
recent years. As far back as 2009, Manjit et al. discovered 
ADNP was expressed in T cells, B cells, and monocytes. 
Additionally, NAP exerted potential immunomodula-
tory properties via the stimulation of immune cells [41]. 
In this work, the outcomes of GSEA also showed the 
significant enrichment of ADNP in the innate immune 
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system. Therefore, it might be an interesting topic to 
further discuss the correlation between ADNP and anti-
tumor immune response. TME involves immune cells, 
fibroblasts, endothelial cells, and interacting tumor cells, 
playing a vital role in cancer proliferation, metastasis, 
and immune response suppression [42, 43]. It’s reported 
that MDSCs are involved in cancer cells’ intravasation 
and regulated immune response by upregulating immune 
suppressive factors, suppressing T-cell responses, and 
modulating the cytokine production of macrophages 
[44–46]. Emerging evidence indicated CAFs participated 
in the remodeling of the tumor stroma in TME and the 
regulation of immunocompetent-cell locomotion related 
to tumor metastasis [47, 48]. Tregs were found to play a 
potent suppressive role in antitumor immunity within the 
TME [49]. Another type of innate immune cell, neutro-
phils promote colorectal cancer metastasis by secreting 
AGR2 has also been identified [50]. Results in our study 
revealed that ADNP acted as an oncogene and was signif-
icantly positively correlated with CAFs, endothelial cells, 
MDSC, Tregs, and neutrophils with roles in promoting 
tumor progression and suppressing antitumor immune 
effects on HCC. Therefore, we speculated the poor sur-
vival and inhibited response to immunotherapy might 
partly be attributed to upregulated ADNP expression 
related to these observable increased innate immune cells 
for HCC patients. In addition, the outcomes also showed 
a significant negative correlation with immune scores, 
estimated scores of all analyzed cancers, while a positive 
correlation with stromal scores merely in LAML. Synthe-
sizing hereinbefore the results, we speculated it might 

play an immune evasion role in the TME, especially in 
HCC, and function as the indicator for immunotherapy.

Researchers have illustrated that ADNP exerts dual 
repercussions, verifying it can accelerate tumor progres-
sion or suppress oncogenesis in particular types. In our 
study, the outcomes unraveled that ADNP was elevated 
in HCC compared to the normal liver tissues by western 
blotting and immunochemistry methods. Moreover, the 
results also represented ADNP expression was positively 
correlated with a poorer prognosis, higher histologic 
grade, and progressive pathologic stage in HCC, which 
was following the previous studies in bladder cancer 
and HGSOC. In this study, upregulated ADNP expres-
sion played a critical role in proliferation, invasion, and 
migration in HCC cells verified by CCK8 assay, plate 
clone formation assay, and transwell assay. In addition, A 
nomogram including significant clinical characteristics 
and ADNP expression was generated to predict the sur-
vival of patients with HCC. This indicated that ADNP is 
significantly related to tumor development and might be 
a potential prognostic biomarker for HCC.

Recently, a novel modality, the combination of antian-
giogenic drugs plus PD-1 inhibitors and IMRT, was 
reported to improve the response rate (42.6%) and pro-
longed the median OS (20.1  months) in HCC [15]. The 
inspiring results might attribute to the additional anti-
angiogenesis drug and radiotherapy for synergistically 
normalizing tumor vasculature and reprogramming the 
TME against immune invasion in HCC [51]. However, 
low immune response and radioresistance in a particu-
lar population restricted the clinical application of these 
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novel strategies in HCC. In the enrichment analysis of 
ADNP-related DEGs in LGG, we also discovered that 
ADNP might be associated with DNA double-strand 
break repair, which was essential in radiotherapy resist-
ance. Therefore, we further studied the relationship 
between ADNP expression and the radiosensitivity of 
HCC. We confirmed that ADNP was highly expressed in 
HCC using western blotting and immunochemistry. Then 
CCK8 assay and IF were performed to explore the impact 
of knockdown ADNP expression on radiosensitivity in 
HCC cell lines. The outcomes showed that the enhance-
ment of radiosensitivity was achieved by inhibiting the 
activity of DNA damage repair after ADNP knockdown. 
The findings shed light on the potential role of ADNP in 
acting as a radiotherapy predictor and developing novel 
ideas for researching into radiotherapy sensitizers in 
HCC treatment.

In this study, we explored the expression and prog-
nostic value of ADNP across cancers and first reported 
that ADNP participated in the proliferation, invasion, 
migration, immune evasion, and radioresistance in 
HCC. There are also a few limitations in this study. Our 
results are only based on the bioinformatics analysis and 
several kinds of functional verification in  vitro. There-
fore, we plan to establish HCC animal model to verify 
the results related to radiosensitivity, and explore the 
molecular mechanism of ADNP in HCC. According to 
the vitro experiments, we speculated ADNP might be a 
gene related to cancer stem cells, we will conduct related 
experiments to verify this conjecture in the future.

Abbreviations
ADNP		�  Activity-dependent neuroprotective protein
HGSOC		�  High-grade serous ovarian cancer
COAD		�  Colon adenocarcinoma
TNBC		�  Triple-negative breast cancer
GBM		�  Glioblastoma multiforme
HCC		�  Hepatocellular carcinoma
TCGA​		�  The cancer genome atlas
GTEx		�  Genotype tissue expression
HPA		�  Human Protein Atlas
IHC		�  Immunohistochemical
OS		�  Overall survival
DSS		�  Disease-specific survival
3D		�  Three-dimensional
KEGG		�  Kyoto Encyclopedia of Genes and Genomes
GO		�  Gene Ontology
BPs		�  Biological processes
MFs		�  Molecular functions
CCs		�  Cellular components
BRCA​		�  Breast invasive carcinoma
LGG		�  Brain lower grade glioma
DEGs		�  Differentially expressed genes
GSEA		�  Gene Set Enrichment Analysis
CAFs		�  Cancer-related fibroblasts
MDSCs		�  Myeloid-derived suppressor cells
TIMER2.0		�  Tumor Immune Estimation Resource 2.0
TMB		�  Tumor mutation burden
MSI		�  Microsatellite instability

C-index		�  Concordance index
AUC​		�  Area under the curve
RT-qPCR		�  Real-time quantitative polymerase chain reaction
CCK-8		�  Cell counting kit8
IF		�  Immunofluorescence
CHOL		�  Cholangiocarcinoma
ESCA		�  Esophageal carcinoma
STES		�  Stomach and esophageal carcinoma
LUAD		�  Lung adenocarcinoma
COADREAD		� Colon adenocarcinoma/rectum adenocarcinoma
AML		�  Acute myeloid leukemia
PAAD		�  Pancreatic adenocarcinoma
PRAD		�  Prostate adenocarcinoma
STAD		�  Stomach adenocarcinoma
SKCM		�  Skin cutaneous melanoma
HNSC		�  Head and neck squamous cell carcinoma
WT		�  Wilms tumor
UCS		�  Uterine carcinosarcoma
READ		�  Rectum adenocarcinoma
THCA		�  Thyroid carcinoma
ALL		�  Acute lymphoblastic leukemia
OV		�  Ovarian serous cyst adenocarcinoma
ACC​		�  Adrenocortical carcinoma
UCEC		�  Uterine corpus endometrial carcinoma
NBL		�  Neuroblastoma
SARC​		�  Sarcoma
TME		�  Tumor microenvironment
DCLBCL		�  Diffuse large B cell lymphoma
LUSC		�  Lung squamous cell carcinoma
ROC		�  Receiver operator characteristic
γ-H2AX		�  Phosphorylated histone H2AX

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12920-​023-​01592-x.

Additional file 1: Supplementary Table 1.  The relationship between 
ADNP expression and immune infiltration (Stromal score). Supplemen‑
tary Table 2. The relationship between ADNP expression and immune 
infiltration (Immune score). Supplementary Table 3. The relationship 
between ADNP expression and immune infiltration (Estimate score).

Additional file 2: Figure S1. Correlations between ADNP, immune 
checkpoints and biomarkers. (A-D)The correlations between ADNP and 
chemokine, immune inhibitor, immune stimulatorand MHC in multiple 
cancers. (E, F) The correlations between ADNP expression andTMB, MSI in 
cancers.

Acknowledgements
Thanks to Yuxuan Liao and Long Jin for their valuable help.

Author’s contributions
XW, H-HP, and G-HZ conceived and engineered this study. XW and G-HZ 
drafted the manuscript and performed analysis. G-HZ, Z-YL, and BP contrib-
uted to collecting and interpreting data. Z-YD was involved in revising the 
manuscript. P-GC was the monitor of this study. All authors read and approved 
the final edition.

Funding
The funding was supported by the National Natural Science Founda-
tion of China (Grant number:81872473) and the New Xiangya Talent 
Project of the Third Xiangya Hospital of Central South University (Grant 
number:20180301).

Availability of data and materials
The original data presented in the study are encompassed in the article and 
supplementary material. More interrogations can directly contact the relevant 
authors.

https://doi.org/10.1186/s12920-023-01592-x
https://doi.org/10.1186/s12920-023-01592-x


Page 16 of 17Wang et al. BMC Medical Genomics          (2023) 16:178 

Declarations

Ethics approval and consent to participate
The study was approved by the Ethics of Committee of Third Xiangya Hospital 
of Central South University. The ethics approval number is 22205. All the par-
ticipants signed the informed consent form according to the requirements of 
the Medical Ethics of Committee. We confirmed that all methods were carried 
out in accordance with relevant guidelines and regulations.

Consent for publication
Not Applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Oncology, Third Xiangya Hospital, Central South University, 
No.138 Tongzipo Road, Yuelu District, Changsha 410013, Hunan, People’s 
Republic of China. 2 Department of General Practice, Third Xiangya Hospital, 
Central South University, Changsha 410013, Hunan, People’s Republic of China. 

Received: 4 March 2023   Accepted: 26 June 2023

References
	1.	 Snijders AM, Mao JH. Multi-omics approach to infer cancer therapeutic 

targets on chromosome 20q across tumor types. Adv Mod Oncol Res. 
2016;2(4):215–23.

	2.	 Ostapcuk V, Mohn F, Carl SH, et al. Activity-dependent neuroprotective 
protein recruits HP1 and CHD4 to control lineage-specifying genes. 
Nature. 2018;557(7707):739–43.

	3.	 Zamostiano R, Pinhasov A, Gelber E, et al. Cloning and characterization 
of the human activity-dependent neuroprotective protein. J Biol Chem. 
2001;276(1):708–14.

	4.	 Pascual M, Guerri C. The peptide NAP promotes neuronal growth and dif-
ferentiation through extracellular signal-regulated protein kinase and Akt 
pathways, and protects neurons co-cultured with astrocytes damaged by 
ethanol. J Neurochem. 2007;103(2):557–68.

	5.	 Chu Y, Morfini GA, Kordower JH. Alterations in activity-dependent neu-
roprotective protein in sporadic and experimental parkinson’s disease. J 
Parkinsons Dis. 2016;6(1):77–97.

	6.	 Sragovich S, Merenlender-Wagner A, Gozes I. ADNP plays a key role in 
autophagy: from autism to Schizophrenia and Alzheimer’s disease. Bioes-
says. 2017; 39(11).

	7.	 Cosgrave AS, McKay JS, Bubb V, et al. Regulation of activity-dependent 
neuroprotective protein (ADNP) by the NO-cGMP pathway in the 
hippocampus during kainic acid-induced seizure. Neurobiol Dis. 
2008;30(3):281–92.

	8.	 Karagoz K, Mehta GA, Khella CA, et al. Integrative proteogenomic analy-
ses of human tumours identifies ADNP as a novel oncogenic mediator 
of cell cycle progression in high-grade serous ovarian cancer with poor 
prognosis. EBioMedicine. 2019;50:191–202.

	9.	 Zhu S, Xu Z, Zeng Y, et al. ADNP upregulation promotes bladder cancer 
cell proliferation via the AKT pathway. Front Oncol. 2020;10: 491129.

	10.	 Blaj C, Bringmann A, Schmidt EM, et al. ADNP is a therapeutically induc-
ible repressor of WNT signaling in colorectal cancer. Clin Cancer Res. 
2017;23(11):2769–80.

	11.	 Rangel R, Guzman-Rojas L, Kodama T, et al. Identification of new 
tumor suppressor genes in triple-negative breast cancer. Cancer Res. 
2017;77(15):4089–101.

	12.	 D’Amico AG, Maugeri G, Magrì B, et al. Modulatory activity of ADNP on 
the hypoxia-induced angiogenic process in glioblastoma. Int J Oncol. 
2023;62(1):14.

	13.	 Alvarez CS, Petrick JL, Parisi D, et al. Racial/ethnic disparities in hepato-
cellular carcinoma incidence and mortality rates in the United States, 
1992–2018. Hepatology. 2022;76(3):589–98.

	14.	 Cheng AL, Qin S, Ikeda M, et al. Updated efficacy and safety data from 
IMbrave150: Atezolizumab plus bevacizumab vs. sorafenib for unre-
sectable hepatocellular carcinoma. J Hepatol. 2022;76(4):862–73.

	15.	 Su K, Guo L, Ma W, et al. PD-1 inhibitors plus anti-angiogenic therapy 
with or without intensity-modulated radiotherapy for advanced 
hepatocellular carcinoma: a propensity score matching study. Front 
Immunol. 2022;13: 972503.

	16.	 Chandrashekar DS, Bashel B, Balasubramanya SAH, et al. UALCAN: a 
portal for facilitating tumor subgroup gene expression and survival 
analyses. Neoplasia. 2017;19(8):649–58.

	17.	 Uhlén M, Fagerberg L, Hallström BM, et al. Proteomics. Tissue-based 
map of the human proteome. Science. 2015;347(6220):1260419.

	18.	 Cerami E, Gao J, Dogrusoz U, et al. The cBio cancer genomics portal: an 
open platform for exploring multidimensional cancer genomics data. 
Cancer Discov. 2012;2(5):401–4.

	19.	 Gao J, Aksoy BA, Dogrusoz U, et al. Integrative analysis of complex 
cancer genomics and clinical profiles using the cBioPortal. Sci Signal. 
2013;6(269):pl1.

	20.	 Yu G, Wang LG, Han Y, et al. clusterProfiler: an R package for comparing 
biological themes among gene clusters. OMICS. 2012;16(5):284–7.

	21.	 Yu L, Shen H, Ren X, et al. Multi-omics analysis reveals the interaction 
between the complement system and the coagulation cascade in the 
development of endometriosis. Sci Rep. 2021;11(1):11926.

	22.	 Ogata H, Goto S, Sato K, et al. KEGG: Kyoto encyclopedia of genes and 
genomes. Nucleic Acids Res. 1999;27(1):29–34.

	23.	 Kanehisa M, Furumichi M, Sato Y, Ishiguro-Watanabe M, et al. KEGG for 
taxonomy-based analysis of pathways and genomes. Nucleic Acids Res. 
2023;51(D1):D587-d592.

	24.	 Jiang S, Ren X, Liu S, et al. Integrated analysis of the prognosis-associ-
ated RNA-binding protein genes and candidate drugs in renal papillary 
cell carcinoma. Front Genet. 2021;12: 627508.

	25.	 Li T, Fu J, Zeng Z, et al. TIMER2.0 for analysis of tumor-infiltrating 
immune cells. Nucleic Acids Res. 2020;48(W1):509–14.

	26.	 Ru B, Wong CN, Tong Y, et al. TISIDB: an integrated repository portal for 
tumor–immune system interactions. Bioinformatics. 2019;35(20):4200–2.

	27.	 Unal E, Arbel-Eden A, Sattler U, et al. DNA damage response pathway 
uses histone modification to assemble a double-strand break-specific 
cohesin domain. Mol Cell. 2004;16(6):991–1002.

	28.	 Ay C, Pabinger I, Cohen AT. Cancer-associated venous thromboem-
bolism: Burden, mechanisms, and management. Thromb Haemost. 
2017;117(2):219–30.

	29.	 Dvorak HF. Tumors: wounds that do not heal-a historical perspective 
with a focus on the fundamental roles of increased vascular perme-
ability and clotting. Semin Thromb Hemost. 2019;45(6):576–92.

	30.	 Galmiche A, Rak J, Roumenina LT, et al. Coagulome and the tumor micro-
environment: an actionable interplay. Trends Cancer. 2022;8(5):369–83.

	31.	 Moik F, Ay C. Hemostasis and cancer: Impact of haemostatic biomarkers 
for the prediction of clinical outcomes in patients with cancer. J Thromb 
Haemost. 2022;20(12):2733–45.

	32.	 Metelli A, Wu BX, Riesenberg B, et al. Thrombin contributes to cancer 
immune evasion via proteolysis of platelet-bound GARP to activate 
LTGF-β. Sci Transl Med. 2020;12(525):eaay4860.

	33.	 Camerer E, Huang W, Coughlin SR. Tissue factor- and factor X-dependent 
activation of protease-activated receptor 2 by factor VIIa. Proc Natl Acad 
Sci U S A. 2000;97(10):5255–60.

	34	 Arce M, Pinto MP, Galleguillos M, et al. Coagulation Factor Xa promotes 
solid tumor growth, experimental metastasis and endothelial cell activa-
tion. Cancers (Basel). 2019;11(8):1103.

	35.	 Xue YH, Zhang XF, Dong QZ, et al. Thrombin is a therapeutic target for 
metastatic osteopontin-positive hepatocellular carcinoma. Hepatology. 
2010;52(6):2012–22.

	36.	 Zhao B, Wu M, Hu Z, et al. A novel oncotherapy strategy: Direct 
thrombin inhibitors suppress progression, dissemination and spon-
taneous metastasis in non-small cell lung cancer. Br J Pharmacol. 
2022;179(22):5056–73.

	37.	 Haist M, Stege H, Pemler S, et al. Anticoagulation with Factor Xa inhibitors 
is associated with improved overall response and progression-free sur-
vival in patients with metastatic malignant melanoma receiving immune 
checkpoint inhibitors-a retrospective, real-world cohort study. Cancers 
(Basel). 2021;13(20):5103.



Page 17 of 17Wang et al. BMC Medical Genomics          (2023) 16:178 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	38.	 He Q, Yang J, Jin Y. Immune infiltration and clinical significance analyses 
of the coagulation-related genes in hepatocellular carcinoma. Brief Bioin-
form. 2022;23(4):bbac291.

	39.	 Xie J, Yang Y, Gao Y, et al. Cuproptosis: mechanisms and links with cancers. 
Mol Cancer. 2023;22(1):46.

	40.	 Tsvetkov P, Coy S, Petrova B, et al. Copper induces cell death by targeting 
lipoylated TCA cycle proteins. Science. 2022;375(6586):1254–61.

	41.	 Braitch M, Kawabe K, Nyirenda M, et al. Expression of activity-dependent 
neuroprotective protein in the immune system: possible functions 
and relevance to multiple sclerosis. NeuroImmunoModulation. 
2010;17(2):120–5.

	42.	 Carloni R, Rizzo A, Ricci AD, et al. Targeting tumor microenvironment for 
cholangiocarcinoma: opportunities for precision medicine. Transl Oncol. 
2022;25: 101514.

	43.	 Wu Y, Kuang DM, Pan WD, et al. Monocyte/macrophage-elicited natural 
killer cell dysfunction in hepatocellular carcinoma is mediated by 
CD48/2B4 interactions. Hepatology. 2013;57(3):1107–16.

	44.	 Sinha P, Clements VK, Bunt SK, et al. Cross-talk between myeloid-derived 
suppressor cells and macrophages subverts tumor immunity toward a 
type 2 response. J Immunol. 2007;179(2):977–83.

	45.	 Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as regulators 
of the immune system. Nat Rev Immunol. 2009;9(3):162–74.

	46.	 Zhou X, Fang D, Liu H, et al. PMN-MDSCs accumulation induced by 
CXCL1 promotes CD8(+) T cells exhaustion in gastric cancer. Cancer Lett. 
2022;532: 215598.

	47.	 Lieubeau B, Heymann M-F, Henry F, et al. Immunomodulatory effects 
of tumor-associated fibroblasts in colorectal-tumor development. Int J 
Cancer. 1999;81(4):629–36.

	48.	 Bu L, Baba H, Yoshida N, et al. Biological heterogeneity and versatility of 
cancer-associated fibroblasts in the tumor microenvironment. Oncogene. 
2019;38(25):4887–901.

	49.	 Shan F, Somasundaram A, Bruno TC, et al. Therapeutic targeting of regula-
tory T cells in cancer. Trends Cancer. 2022;8(11):944–61.

	50.	 Tian S, Chu Y, Hu J, et al. Tumour-associated neutrophils secrete AGR2 to 
promote colorectal cancer metastasis via its receptor CD98hc-xCT. Gut. 
2022;71(12):2489–501.

	51.	 Tian L, Goldstein A, Wang H, et al. Mutual regulation of tumour ves-
sel normalization and immunostimulatory reprogramming. Nature. 
2017;544(7649):250–4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	ADNP is associated with immune infiltration and radiosensitivity in hepatocellular carcinoma for predicting the prognosis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Gene expression analysis
	Survival prognosis analysis
	Genomic alteration analysis
	ADNP related gene enrichment analysis
	Immune infiltration analysis
	Clinical features related analysis of patients with HCC
	Immunohistochemistry analysis
	Cell lines and cell culture
	Western blotting analysis
	Cell transfection
	RT-qPCR
	Irradiation
	Cell counting kit8 (CCK8) cell viability assay
	Transwell invasion and migration assay
	Colony formation assay
	Immunofluorescence (IF) staining
	Statistical analysis

	Results
	ADNP was expressed differently and exhibited prognostic value in pan-cancer
	Analysis of genomic mutation
	Enrichment analysis of ADNP related pathway
	Immune infiltration and immunotherapy biomarker analysis
	ADNP expression was related to the clinical features of the HCC patients
	ADNP expression was up-regulated in HCC and associated with the proliferation, migration, and invasion
	Downregulated ADNP expression enhanced the radiosensitivity of HCC cells

	Discussion
	Anchor 35
	Acknowledgements
	References


